Introduction
In the early 1960s groups of accelerator designers on both sides of the Atlantic made plans for large proton synchrotrons based on the recently completed CPS and AGS. Each study group aimed for 200 GeV to 300 GeV, roughly ten times the energy of the existing machines, and both proposals were scaled up versions of the combined-function magnet lattice used for the AGS and CPS. Combined function refers to the ring of magnets which guide particles in a circle. The magnets combine in one type both focusing and bending of the circulating beam [Box 2.1].
A new US proposal for a 200 GeV synchrotron finally chose a different lattice in which the functions of bending and focusing the beam were assigned to separate dipole and quadrupole magnets. This choice permits a higher field in the dipoles resulting in a more compact design allowing a higher energy in a circle of a given radius. CERN considered this design but found the cost of the alternatives would differ very little and, as a "green-field site" provided by one of the CERN Member States was being considered, a 15% smaller size was not crucial and the combinedfunction design was retained.
The original plan of CERN had been to build both the ISR (Chapter 4) and a 300 GeV machine at the same time, but the latter was delayed by discussions among the Member States over the choice of the site and by a request to consider superconducting magnets [1] .
In 1968 John Adams was invited by the CERN Council to oversee CERN's by now well and truly stalled 300 GeV Synchrotron Project. He made two important decisions to save the project. First, the combined-function design was abandoned and the separated-function design was chosen by the new team as this reduced the size of the accelerator for the same top beam energy and allowed for a "missing magnet" option: to install all the quadrupoles but only half of the dipoles, i.e. every second dipole magnet. Although this would lead to one half of the top energy, the initial budget would be reduced and the accelerator would be operational earlier; the missing dipole positions could be filled later -possibly with superconducting magnets, if they became available [2] .
The second decision settled the thorny site problem, after years of protracted discussions. The proposal to site the new accelerator next to the existing laboratory using the PS as injector and the existing infrastructure had been put forward already in 1961. However, at that time, it was felt that (i) the new large facility should be constructed elsewhere in Europe to avoid concentration at one site; (ii) building the accelerator on the surface by the cut-and-fill method would be too major a disturbance of the local countryside; (iii) siting it in a tunnel would require expensive underground experimental areas as internal targets for the production of the secondary beams were the norm at that time. By 1968, however, tunnelling technology had advanced, the beam extraction techniques had been refined and the project team argued that experimental halls on the surface could very well be served by an underground accelerator, a novel concept and decisive for CERN's future (LEP, LHC). On top of that, the existing large West Hall including its bubble chambers would be perfect as the initial experimental area. The idea to build the new facility near to the CERN site promised substantial savings, an earlier startnot to mention an interesting perspective for the existing laboratory.
In May 1970 CERN proposed to Council to build the 300 GeV accelerator adjacent to CERN I (Meyrin) site, and to install at first only half of the magnets, in an underground tunnel of 7 km in circumference, see Fig. 5 .1. Such a machine would reach 400 GeV with normal magnets installed in all the gaps. The missing magnet scheme would even permit higher energies if filled with superconducting magnets. This satisfied critics that 400 GeV was not high enough and encouraged the advocates of superconducting magnets to continue developing this technology.
Finally, the Member States, after much hesitation, accepted the new ideas and approved the machine in February 1971. During the construction it became clear that superconducting technology was developing more slowly than expected, while conventional dipole magnets proved cheaper than budgeted, and in 1973 there was a decision to build a 300 GeV machine with all normal-conducting magnets -to the great relief of the SPS construction team.
The tunnel boring in the amenable molasse (local sandstone) rock was completed on 31 July 1974, when the machine excavating the SPS tunnel returned to its starting point. The joy of achieving the important milestone of completing the boring of the 7 km long tunnel is captured in Fig. 5 .2. The tunnel is situated at an average depth of 40 m below the surface and straddles the Franco-Swiss border, making the SPS the first major cross-border accelerator. The construction proceeded rather uneventfully except for the discovery in 1975 that, after about 250 dipoles had been manufactured and about 100 installed, some showed a low resistance between the insulated coils and ground which could lead to breakdowns. The SPS magnet team investigated and found the cause to be the use by the manufacturer of an inappropriate acid to clean the tag ends of magnet coils before brazing the terminals, which damaged the insulation. All suspect magnets were repaired without delaying the project. During construction the team also quietly found a way to equip the machine to be capable of acceleration up to 400 GeV. A section of the fully equipped SPS tunnel is shown in Fig. 5.3 .
Five years after approval the SPS machine was operational. In the morning of the June 1976 Council meeting Adams announced the successful acceleration to 300 GeV and formally asked permission to re-programme the machine for 400 GeV operation, although Council was doubtless aware of the capability. Acceleration to 400 GeV was announced a few hours later, just before dinner.
Later in the year, the West Hall received the first extracted beams, initially limited to 200 GeV not to exceed the legal radiation background levels [3, 4] . The experiments were already installed and the experimental programme could start without delay. Thanks to the careful design, the top energy could later be increased to 450 GeV at the request of particular experiments which later turned out to be a good investment for the LHC, which would benefit from a higher injection energy. During the construction known technologies had to be further developed and novel approaches introduced to cope with the sheer size of the facility and the high beam energy. New alignment methods had to be developed as the tunnel could only be accessed by six shafts. First, survey pillars were erected covering the site for accurately determining the position of the shafts and the position relative to the PS. The tunnelling machine was laser-guided which took its reference position from a gyro-theodolite set-up every 32 m resulting in an average error of only 20 mm at the end of a 1.2 km long sector.
Although most of the main components of the SPS were rather conventional, a high standard was applied which turned out to be a real bonus for reliability and, later, enabled the conversion of the SPS into a collider (Chapter 6). An example is the vacuum system, which though much less demanding than that of the ISR, was constructed with the same care, to maximize reliability over the 6.9 km length. It later permitted the average pressure to be reduced from 3 × 10 −5 to 3 × 10 −7 Pa (nitrogen equivalent) for the collider operation by the simple addition of vacuum pumps.
A major effort was devoted to develop a flexible extraction system providing both fast extraction (burst duration 1 µs to 23 µs) and slow extraction with a spill duration from 70 µs to 4.8 s. Certain modes of extraction offered the option to stop the spill after extraction of part of the beam and re-accelerate the remaining beam for extraction at higher energy [5] . After an upgrade of the West area, simultaneous slow extraction to the West and North areas at up to 450 GeV became possible. To master these tasks, technology known from the PS had to be developed to accommodate the much higher beam energy. Electrostatic deflectors of 12 m length were developed to provide a deflecting field of typically 12.5 MV/m over a 20 mm gap using as septum a row of vertical 0.1 mm diameter wires of tungstenrhenium alloy [6] . The pulsed magnetic deflectors downstream of the electrostatic deflectors provided a field of 0.47 T in a 10 cm gap with a copper septum of 4.2 mm thickness carrying 7.5 kA [7] . As all these devices operated in vacuum, they needed to be baked-out in situ to reduce outgassing. The alignment precision in the vacuum tanks of ± 0.15 mm and the fierce radiation environment imposed a strict selection of materials.
For accelerating the beam special travelling-wave structures were developed operating at a frequency of 200 MHz [8]. Lower energy synchrotrons such as the PS accelerate protons through velocities ranging from a fraction to near the speed of light. The standard way had always been to tune the accelerating cavities through a comparable range of resonant frequencies with blocks of ferrite within the cavity. These were tuned by changing the bias current in a winding around the ferrite to alter its permeability and hence the resonant frequencies of the accelerating cavities [Highlight 3.3]. At the SPS, in which particles are already injected very close to the speed of light, a much smaller tuning range (0.5%) was needed. This led to the clever idea of using the more efficient travelling wave structure, as used in linear accelerators. Such a structure accepts a band of driving frequencies which easily covers the narrow range of velocities in the SPS. Complex and lossy ferrite tuners were not required.
When the SPS was designed, computers were used in accelerators in a standalone way generating, e.g., time-dependent operational functions, or for operator consoles, but were not linked. The sheer dimension of the facility and technological advance in industrial products suggested a new approach to the control system. The first truly distributed multi-computer control system was developed introducing a number of novel features, which served as a springboard for application to other accelerator projects at CERN [Highlight 5.2] . This facilitated the interaction of the operators with the system, e.g. using the operator consoles equipped with the now ubiquitous touchscreens for easy monitoring and control. A general purpose "knob" was also made available to the operator for programmable assignment of several functions to a certain task.
Another major undertaking was the construction of the long tunnels and beam lines to the experimental halls ( The most dramatic change, however, to the SPS was its second incarnation as a proton-antiproton collider, which enabled CERN's Carlo Rubbia and Simon van der Meer to earn their Nobel Prize for the discovery of the W and Z (Chapter 6).
In the late 1980s, at the end of collider operation, the SPS was equipped to accelerate electrons and positrons from 3.5 GeV to 20 GeV whenever LEP (Chapter 7) required filling, interleaved with fixed-target proton or ion operation. To this end, an additional RF system was installed consisting of 32 newly developed standing-wave accelerating cavities. These were later gradually replaced by superconducting cavities, the first units being prototypes of the novel niobium-clad copper standing-wave cavities for LEP, before mass production [Highlight 7.4]. Substantial effort was devoted to shield the magnet coils in the ring against the highly directional synchrotron radiation of the circulating electrons or positrons [9] .
The most recent major change occurred in a long shutdown in 2005, when this versatile accelerator was transformed into an efficient injector of protons and lead ions for the LHC. This required installing an extraction system for 450 GeV protons and 176 GeV/nucleon lead ions for the LHC anti-clockwise ring, the upgrade of the 200 MHz and 800 MHz RF systems, and rebuilding the injection kickers in order to shorten the rise-time and to reduce substantially the ripple of their pulse [10] .
And so, while there were engineering innovations in the SPS which had farreaching impact, the machine was most remarkable for its high standard of construction, which has allowed this amazingly versatile accelerator to respond to the constantly evolving demands of a dynamic physics research community.
The SPS physics programme
The SPS physics programme was discussed and detailed in workshops and meetings involving large audiences of the HEP community and providing input concerning the variety (hadronic, leptonic, charged and neutral) and characteristics Later the WA was transformed to receive two high energy secondary beams (H1 and H3), produced by 400 (450) GeV/c protons in an underground target station, modelled after the beams to EHN1 in the North Area. Additionally, two 'long' beams (N1, N3, S3) were derived from 400 GeV/c fast extracted protons targeted in underground caverns, near the extraction point from the SPS. These beams were directed towards the Big European Bubble Chamber (BEBC) and electronic detectors downstream of BEBC.
The North Area (NA), a new facility, tailor-made to receive the high energy beams, incorporated several innovative aspects. Its layout in the year 1980 is shown in Fig. 5 .5. The NA features a separate underground target cavern, TCC2, and surface experimental halls, EHN1 and EHN2, joined by tunnels housing the beam lines. The layout resulted from the requirement to provide beams of welldefined momentum (Δp/p ≈ ± 2 × 10 −4 ) up to the highest momenta. This beam layout also ensures that the main muon background is absorbed in the ground underneath the experimental hall (Fig. 5.6) .
Upstream of TCC2, the slow-extracted, primary proton beam of 400 GeV/c (later 450 GeV/c) from the SPS was split three-fold, with two series of septum magnets, so as to impinge on two general-purpose target stations and one dedicated to the production of a high energy muon beam. Each of the two general-purpose Later, an underground experimental cavern, ECN3, was added as part of the North Area High Intensity Facility (NAHIF), designed for experiments requiring the highest-intensity primary and secondary beams.
The many facets of the research landscape
Exploration of the nucleon structure One major research activity was the exploration of the nucleon structure [Box 4.2], using the weak probe (i.e. neutrino scattering), the electromagnetic probe (i.e. muon scattering), as well as hadron scattering, producing photons and lepton pairs born from the energetic or "hard" scatter of their constituents. The use of polarized beams and targets was an important asset of these programmes [13] .
Neutrino scattering [14] was performed in the WA with the WANF neutrino facility. Both wide-and narrow-band neutrino beams (N1, N3) were available, employing magnetic horns [Highlight 3.6] to focus the parent pions and kaons into an evacuated decay tunnel, followed by the hadron absorber made from iron and concrete. These beams served BEBC and a series of 'counter' neutrino experiments: WA1/CDHS, WA18/CHARM, later NOMAD, CHORUS, installed on the same line, downstream of BEBC and pushing detectors to new dimensions. The heavy liquid bubble chamber GARGAMELLE (chapter 3) was installed in the neutrino beam line, downstream of BEBC. BEBC was complemented with the External Particle Identifier (EPI), which measured the energy loss dE/dx of the charged tracks leaving the bubble chamber [Box 5.2] and with the external muon identifier (EMI).
Later on, the same beam was used to search for τ neutrino interactions. No ν τ event was observed. This was because the scale of ν oscillations (that were to be discovered later elsewhere) was too large to be detected by the contemporary experiments at CERN.
Muon scattering [15] , performed in the north area, used a most remarkable muon beam. The programme started with the experiment of the European Muon Collaboration (NA2/EMC), a powerful open spectrometer, and NA4. The latter used a 40 m long liquid hydrogen target surrounded by toroidal magnetized iron discs interleaved with detectors to measure the properties of scattered μ's. EMC was followed by an upgraded version, the New Muon Collaboration (NMC). The muon section of the beam line was rebuilt for the Spin Muon Collaboration (SMC) experiment, exploiting the high degree (~80%) of polarization of the muons in the beam and using a high-performance polarized target [Highlight 5.8]. The beam was again modified for the NA58/COMPASS experiment, using the M2 beam line both for a muon beam and as a high energy hadron beam. This beam line is a fine example of productive longevity! Hard hadron scattering [16] experiments were performed with several beams and in both areas. The signal under study was either lepton pairs in, for example, WA11, WA12 (OMEGA), NA3, NA10, NA34 or energetic photons in, for example, WA70 (OMEGA). Information was obtained on the structure of both the target nucleon and the incident hadron (pion, kaon, antiproton).
The identification of beam particles was essential for this programme. This was achieved by using an RF separated beam, such as the WA S1 beam or with special differential Cherenkov counters [Box 3.2]. These 'CEDAR' detectors employed a mirror at the downstream end of a pressure tank filled with helium gas, and an achromatic ring-focusing lens to concentrate the Cherenkov light through an annular diaphragm onto 8 photo-multipliers at the upstream end (Fig. 5.7) .
Loops
Box 5.1 Elementary particles live in a quantum world and the properties of the quantum vacuum lead to non-intuitive effects.
A particle propagating may "borrow" energy from the vacuum and turn into a pair of other particles (creating a "loop"), provided the relevant quantum numbers (electric charge, etc.) are conserved. The larger the loan, the faster it is reimbursed, in agreement with Heisenberg's energy-time uncertainty relation. The loop disappears again and these "virtual" particles do not come to "real life". Their existence has nevertheless an effect and modifies the rate of a process in which they occur. In the SM [Box 6.4] this effect depends on the mass and nature of the particle appearing as virtual and is precisely calculable.
In e + e − collisions on the Z 0 resonance (see Chapter 7), the propagating Z 0 may fluctuate e.g. into a top-antitop pair (Fig. 1a) , even though the top is too heavy to be really produced. Measuring accurately the Z 0 final states at LEP1, one obtained an idea of the top mass. The effect is substantial and had to be well mastered before being sensitive to the even tinier effect of the virtual BEH ("Higgs") boson [Box 8.2], Fig. 1b . This effect concerns any kind of virtual particle, in particular hypothetical ones, e.g. supersymmetric particles [Box 7.2] and provides a way to search for them. This is one goal of beauty physics performed at B factories and LHC (Chapter 8).
An "indirect" hint of a virtual particle is a precious guide but "discovery" of a new particle requires producing and observing it. The agreement between the direct and indirect measurement of its mass tests the SM at the "loop" level. This confirmation of the SM was one of the major achievements of the LEP programme.
Another effect of virtual particles is the "running of coupling constants" which evolve with the energy scale of the process. The one associated with the weak force is almost constant; with the electromagnetic force it increases at smaller distance, i.e. higher energy. For strong coupling, due to the self-interaction of gluons, it does the opposite [Box 4.2]. Triple convergence of the coupling constants at very high energy is quasi-perfect with Supersymmetry.
Probing particle reactions at higher energies improves the resolving power and exhibits more details, such as higher sensitivity to fluctuations into virtual particles. These studies (violation of "scale invariance") were one of the main topics of Deep Inelastic Scattering at the SPS (Chapter 5).
In the special underground area ECN3 the primary proton beam served to produce high intensity pion and photon beams for a series of experiments: NA10 studying muon pair production, NA14 performing direct elastic scattering of real photons on quarks, called QED Compton scattering, and NA34 searching for unconventional sources of lepton production.
There were important results on nucleon structure. Comparing structure functions measured in neutrino and lepton scattering, as well as QED Compton scattering, brought the final word about the fractional electric charge of quarks.
Another important result was the evidence that the measured nucleon structure actually depends on the resolving power of the observation, a basic prediction of quantum chromodynamics (QCD) [Boxes 4.2 and 5.1]. This is the so-called "scaling violation", observed in particular in neutrino scattering, first by the bubble chambers BEBC and Gargamelle and subsequently, with higher accuracy, by the electronic detectors. Muon scattering revealed that the nucleon structure depends on the nucleus in which the nucleon is contained (EMC effect) and that the motion of quarks in nucleons inside the nucleus decreases for heavier nuclei. One series of muon scattering experiments used a polarized target, where the spins [Box 2.2] of the target protons and therefore also the spins of the constituent quarks were aligned along the direction of a magnetic field. Conservation of angular momentum makes muon scattering sensitive to the spin alignment and significant differences in scattering cross sections are expected depending on the direction of alignment. This was not born out experimentally and revealed that the nucleon spin is only partly carried by its valence quarks, and that sea quarks and gluons also contribute. This "spin crisis" changed our understanding of the nucleon.
For energetic hadron scattering, the observed production rates of lepton pairs or prompt photons were found to be higher than estimated at that time, by some multiplicative "K-factor", which called for more elaborate theoretical estimates, in the framework of the then emerging QCD to which the SPS experiments contributed substantially, in particular with results from collisions of heavy ions. 
Particle Identification (PID) via energy loss (dE/dx)
Box 5.2 A charged particle traversing a medium interacts with the electrons of the atoms, which are excited or ionized. At each collision some energy (E) is transferred. The E loss per unit distance, dE/dx, depends on the particle velocity v = βc. The average 〈dE/dx〉 is given by the Bethe-Bloch (BB) curves (Fig. 1) , which show: -a decrease ∼ β −2 (electric force of atomic e − acts more briefly on faster particles); -after a minimum, a rise ∼ ln(βγ) due to the relativistic increase of the particle's transverse electric field (TEF), ∝ ln γ = ln(E/mc 2 ), increasing interaction cross-section; -saturation at high βγ due to medium polarization, shielding TEF far from the track. E loss over a path length is the sum of E transferred in many collisions, with E fluctuating statistically about 〈dE/dx〉. Rarer large E transfers in single collisions skew the energy loss distribution to high energies (Landau distribution). Sampling dE/dx many times along the track gives an estimate of 〈dE/dx〉 with high statistical significance. Due to the skewness of the distribution, the average obtained by excluding 15-50% highest E losses (Truncated Mean, TM) is a better estimator for the energy loss than the mean. The TM distribution of many tracks of same v is centred about a value TM(v) and is close to a Gaussian with variance  TM 2 . It can be related to 〈dE/dx〉 as given by the BB curves and hence to the(or v) of the particle. For PID, momentum p and TM are measured. Two species of particles with the same p but different m, hence different v, will produce different TM distributions. The resolution R (=/E) is the relative accuracy of the TM measurement. Gaseous detectors can achieve R < 5% for a careful choice of gas mixture [1] . PID works well at low β, fails around the minimum, and is (statistically) useful in the relativistic rise region as shown in Figs. 2 and 3 [2] . Various devices have been made to provide PID. The External Particle Identifier (EPI) was installed behind BEBC [Highlight 5.7] ; the large pictorial drift chamber ISIS for the European Hybrid Spectrometer achieved a TM resolution of 3.5% in the 2-80 GeV/c range. TPCs (ALEPH, DELPHI at LEP, ALICE at LHC) provide good sampling along tracks, and R < 5%.
Heavy flavours [17]
A second major research area was the study of the heavy quarks or flavours: charm, discovered in 1974, and beauty discovered in 1977. While these discoveries came from US laboratories, CERN was very active in the study of heavy flavour spectroscopy, benefiting from the variety and quality of hadron and photon beams and pioneering the use of very accurate micro-strips silicon detectors [Highlight 5.9] exploiting the finite lifetime of charm and beauty particles. Later, pixel detectors provided even higher spatial resolution.
Micro-strip detectors were first used in the WA75 experiment. The OMEGA spectrometer performed a long series of experiments, using hadron, electron/photon, hyperon and ion beams, which included, e.g. the observation of several particles containing beauty quarks. Pixel detectors also found their place in some OMEGA experiments, such as WA89 and WA97. In the NA, silicon devices, active targets, strip detectors, pixel and CCD detectors made essential contributions in several experiments, such as NA1, 10, 11, 14, 32, 34, and 57.
The European Hybrid Spectrometer (EHS), in the H2 beam line, combined the virtues of small to medium-sized bubble chambers with those of a large magnetic spectrometer. It also housed an early dE/dx detector (ISIS) to study charm decays.
Heavy ions [18]
The SPS pioneered the study of ultra-relativistic heavy ion collisions. This programme aimed at the study of nuclear matter under extreme conditions of energy and temperature. It opened a new field of physics, initially explored with several survey experiments and a range of dedicated experiments looking for a putative "quark-gluon plasma", characterized by unconfined quarks and leptons, whose existence is one of the "golden" predictions" of QCD.
Initially, oxygen and sulphur ions were accelerated, followed in a later phase by heavier ions, up to lead. The programme was performed in EHN1 (NA34, NA45, NA49, NA57 and now NA61) and ECN3 (NA38, NA50, NA51, NA60).
In 2000 CERN announced the discovery of a 'new phase of matter', consistent with the onset of the Quark Gluon Plasma.
CP violation [19]
One outstanding achievement was the accurate measurement of CP-violating processes in neutral kaon physics [Box 3.4], most notably the evidence for direct CP-violation, using elaborate and unique beam and experimental techniques.
For experiment NA31, 450 GeV/c primary protons were targeted to produce a beam rich in long-lived neutral kaons, K 0 L , which entered and decayed in a large vacuum tank. Alternately, a K 0 S beam was generated from a 360 GeV/c secondary proton beam, incident on a separate target. This target was mounted on a train that 
Recent developments
A very special muon-neutrino beam has been constructed for a tau-neutrino experiment ( Fig. 5.8 ). The neutrino beam derived from secondary pions and kaons decaying in an evacuated decay tube approximately 1 km long, points through the earth to about 730 km away in Italy, where the OPERA detector in the Gran Sasso Underground Laboratory searched for events indicating the appearance of τ-leptons, produced by τ-neutrinos interacting in the detector. These τ-neutrinos were to appear from the transformation the original muon-neutrinos. Five events were detected from 1.8 × 10 20 protons on the neutrino production target. The neutrino beam has now been dismantled and the facility is being transformed into a test bed for proton driven plasma wake field acceleration, the AWAKE project. 
